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Soft Matter
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Abstract
We studied the dynamics of the wetting and diusing processes of water droplets on hydrogel
(Poly (2-acrylamido-2-methyl-propane-sulfonic acid -co- acrylamide)(PAMPS-PAAM)) substrates.
The proles of the droplet and substrate were measured simultaneously using a grid projection
method. We observed that as the water droplet diuses into the gel, the contact line of the droplet
exhibits successively two dierent behaviors: pinned and receding, and the transition between these
two behaviors is closely related to the local deformation of the gel substrate. The contact line is
pinned at an early stage. As the water diusion proceeds, the contact angle of the droplet decreases
while the angle of the local slope of the gel surface near the contact line increases. At the moment
where these two angles almost correspond to each other, the contact line starts to recede. Our
results indicate that due to the water diusion, a locally swollen region is formed in the vicinity
of the droplet-gel interface, and whether the contact line is pinned or recedes is determined by the
surface property of this swollen region.
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I. INTRODUCTION
Gels are materials which have been attracting continued interest as they are an intriguing
state of matter in physical and chemical sciences [1] and they also have promising techno-
logical potentials in many application elds such as the food processing, drug delivery [2],
and cell transplantation [3]. The understanding and control of interfacial properties of gels
is of crucial importance in applications: they determine adhesion and friction [4, 5] (e.g.
cartilage replacement), surface tension [6] and wetting properties (e.g. soft coatings), opti-
cal properties [7] (e.g. anticondensation coatings), eects on bacterial motility [8], etc. Of
those problems about the interfacial properties of gels, here we are focusing on the problem
of wetting.
Compared to general solid materials on which wetting problems have been extensively
studied [9{11], gels have two specic features which can aect the behavior of the contact
line, i.e., gels are very soft and swell drastically with liquid. Considering these two aspects,
the behavior of the contact line of liquid on gel surfaces might be understood in analogy with
the wetting problems on soft and deformable surfaces like elastomers [12{17], or the wetting
problems on permeable surfaces like porous media or polymer lms [18, 19]. Although
the eect of the softness and the liquid permeability were studied separately, the behavior
of the contact line on gel surfaces would be yet dierent from those cases because these
two aspects exist simultaneously. Several studies have been conducted to characterize the
wetting properties on gel surfaces [20{22], but these studies did not make clear how the
behavior of the contact line is dierent when it is coupled with the local deformation of the
substrate and the diusion of the liquid.
In this article, we studied the wetting and diusing processes of water droplets on hydro-
gel (Poly (2-acrylamido-2-methyl-propane-sulfonic acid -co- acrylamide)(PAMPS-PAAM))
substrates. The precise analysis of the contact line behavior in the presence of the substrate
deformation and liquid diusion requires to measure both the proles of the droplet and of
gel substrate simultaneously. In a static case, the simultaneous measurement of the proles
of the droplet and of substrate was conducted by a uorescent microscopy for liquid droplets
on elastomer surfaces [23{25]. To obtain these two proles dynamically, we used the \grid
projection method", i.e., we projected a grid pattern below the gel surface and measured its
optical distortion induced by the light refraction at the surface to reconstruct the original
2
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prole.
The use of a grid pattern for measuring the prole of a liquid surface has been proposed
by Kurata et al. [26] and Fermigier et al. [27] in the problems of free surface ows, and by
Andrieu et al. [28] in the dewetting problem of thin liquid lms. Recently, Banaha et al.
reported that the same technique can be applied to measure the spreading process of liquid
on Agar gels [29], in which they measured both the surface proles of the liquid and of gel.
Here we have improved the method of Banaha et al. by extending the optical setup so that
a reduced mirror image of the grid pattern is projected inside the gel and is used for the
prole measurement. This allows for considerably a high spatial resolution.
We observed that as the water droplet diuses into the gel substrate, the behavior of
the contact line exhibits successively two dierent regimes: pinned and receding, and the
transition between these two regimes is closely related to the local deformation of the sub-
strate around the contact line. We discuss how the pinned-receding transition depends on
the properties of the gel, i.e., the rigidity and hydrophilicity (tuned by the concentrations
of crosslinking agent and of hydrophilic AMPS monomer), which determine the gel swelling
ability. In chapter IV, we propose possible mechanisms for the behavior of the contact line.
II. EXPERIMENTAL SECTION
A. Materials
Poly (2-acrylamido-2-methyl-propane-sulfonic acid -co- acrylamide) (PAMPS-PAAM)
gels were used for gel substrates and distilled water (Milli-Q Integral; Millipore, USA)
was used for liquid droplets. The PAMPS-PAAM gels were prepared through the rad-
ical polymerization of a solution of 2-acrylamido-2-methyl-propane-sulfonic acid (AMPS;
Sigma-Aldrich, USA) and acrylamide (AAM; Alfa Aesar, USA) in water with a cross-
linking agent, N;N 0-methylenebisacrylamide (MBA; Sigma-Aldrich, USA), and initiators,
Potassium persulfate (PS; Sigma-Aldrich, USA) and N;N;N 0; N 0-Tetramethylenediamine
(TEMED; Sigma-Aldrich, USA). The total molar concentration of monomer was xed at 1
M. The concentrations of AMPS and of crosslinking agent MBA with respect to the total
amount of monomer were tuned as control parameters: CAMPS was set at 10 mol% and 30
mol%, and CMBA was changed from 1 mol% to 20 mol%. Note that CMBA changes the
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rigidity of the gel, while CAMPS corresponds the fraction of hydrophilic monomers and thus
changes the hydrophilicity of the gel. The concentrations of initiators PS and TEMED were
xed at 1 mol%.
To obtain a sheet-shaped gel substrate with a smooth surface, the gel was prepared
between two parallel glass slides which were separated by a silicone rubber spacer with a
thickness of 4:5 mm, which always remains large compared to the radius (< 1:5 mm) and
height (< 0:45 mm) of the droplet. Before being used, glass slides were pre-cleaned with a
1 M solution of sodium hydrate in ethanol for 1 week. The polymerization was started by
heating a monomer solution to 60 C in a heat chamber. For the polymerization to nish
completely, the solution was kept in a heat chamber for 2 hours then at room temperature
for more than 3 days before it was used for the measurement. The surface roughness of
the gel is not known but should not exceed that of the glass surface, i.e., a few tenth of
nanometers.
To check the swelling ability of the gel, the volume change of the gel was measured
between at the initial state and at the fully swollen state. Here, the fully swollen gel was
prepared by dipping the gel in a water bath for more than 1 week. Figure 1 shows the plots
of the volume swelling ratio, i.e., the relative volume of the gel at the fully swollen state V swgel
to at the initial state V igel, against the MBA concentration CMBA in two dierent AMPS
concentrations CAMPS. It is seen that the gel swells drastically with water, and that both
the parameters CAMPS and CMBA aect the swelling ability of the gel. For high CAMPS and
low CMBA, the gels are swollen up to more than 10 times their initial volumes, while for low
CAMPS and high CMBA, the gels are swollen only to less than twice the initial volumes.
The elasticity of the gel was measured by an indentation tester (TA.XTPlus; Texture
Technologies, USA) with a spherical probe ( = 0:5 inch) and was plotted in g. 2. The
refractive index of the gels were measured by a refractometer (ARAGO1; Cordouan Tech-
nologies, France) as 1:350  0:003 for the gels CAMPS = 30 mol% and 1:346  0:003 for
CAMPS = 10 mol%, which are considerably close to the value of water: 1:331.
B. Setup for Prole Measurement
Figure 3 (a) shows the setups for the prole measurement. A gel substrate was placed
on a hollow stage, and a droplet was placed on the substrate with a micropipet. The initial
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volume of the droplet V idrop was xed at 1 l. As the gel is initially under the swelling
equilibrium, the droplet of 1 l completely diuses into the gel. To restrain the eect of
water evaporation from the droplet and from the gel, the droplet and gel substrate were
sealed by a small plastic box in which air was saturated with water vapor. This has been
performed by depositing a ring of water all around the gel (Note that the water ring does
not touch the gel).
To measure both the prole of the droplet and gel simultaneously, a grid projection
method was used. In the grid projection method, the prole of the object is obtained
by tracing a optical distortion of grid lines. The original grid plate (Array of black lines
printed on a transparency. The distance of each line was 400 m.) was located far from
the observation system. The illumination light was emitted from the photodiode (Lumileds;
Philips, Netherlands) and passed through the grid plate. After being converted to a parallel
light by an optical lens (f = 200 mm), the light was guided toward the bottom of the
substrate, and passed through a focus lens (TV lens f = 35 mm; Pentax, Japan). This
focus lens projects the mirror image of the grid inside the gel substrate, whose position was
set just below the droplet. In all measurements, the depth of the mirror image from the
gel surface was xed at e0 = 1:875 mm. The grid image was measured by a CCD camera
(A101FC; Basler AG, Germany) with a magnication lens (TV lens f = 25 mm; Pentax,
Japan) placed above the droplet.
Figure 3 (b) shows the image of the grid lines obtained after the droplet is placed on
a gel substrate. In the mirror image, the distance of each grid line was 59:5 m, thus the
resolution increases up to 6 times of the original grid lines. For analysis, one cross section
of the droplet which is perpendicular to the grid lines (indicated in g. 3 (b) as a dashed
line) was used.
III. EXPERIMENTAL RESULTS
A. Shift of Grid Lines and Reconstruction of Prole
Figure 4 (a) shows the spatio-temporal diagram of grid lines in one cross section of the
droplet. It is seen that after the droplet is placed on a substrate, the grid lines in the region
of the droplet appears shifted from their initial positions by certain distances. In the left
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side of the droplet, the lines shift to left, while the lines shift to right in the right side.
Using an image analysis, the positions of all lines (center of black lines and white lines)
were detected and were tracked over time, yielding the distance of shift ds with respect to
the unperturbed grid. Figure 4 (b) shows the spatio-temporal diagram of the shift distance
of grid lines ds(x; t) and g. 4 (c) shows the plot of ds at two dierent times. Note that in
both gures, the data of ds between the positions of grid lines was linearly interpolated.
Just after the droplet is placed on a substrate (t = 10 s), a large discontinuity of ds exists
between the region where the droplet was placed and the outer region, i.e., ds varies sharply
at the edge of the droplet. As the water diuses from the droplet to the gel (t = 70 s), ds
becomes smaller in the droplet region, while the region that ds has a non-zero value extends
outwards from the initial position of the edge of the droplet.
As is shown in g. 5 (a), the shift of grid lines is due to the refraction of lights at the
interface between the mediums of dierent refractive indexes (medium A: air, medium B:
water or gel). With geometrical optics, the value of the shift distance ds(x; t) is related to
the local slope of the interface tan(x; t) by the following three equations:
sin = n sin ; (1)
 =   ; (2)
tan  =
ds
e
; (3)
where  and  are the angles of the light path in mediums A and B with respect to the
normal to the interface,  is the angle of the light path in medium B with respect to the
vertical axis z, n is the refractive index of medium B (since n of the PAMPS-PAAM gel is
suciently close to the value of water, we used the value of water n = 1:33 for both droplet
and gel regions), and e(x; t) is the depth of the grid lines from the interface. At a point
x = x0 located suciently far from the droplet, we can consider that 0 = 0 and that e(x0)
still remains the initial value e0 before the droplet is placed. From there, (x) and e(x) are
calculated numerically by integrating eqs. (1)-(3) and the relation
e(x) = e0 +
Z x
x0
dx; tan(x;); (4)
at each data point. Figure 5 (b) shows the proles h(x) = e(x)   e0 of the droplet and
substrate reconstructed from the data in g. 4 (c). Here, the calculation was conducted
from left x < 0 to right x > 0.
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B. Relation between Behavior of Contact Line and Deformation of Substrate
Figure 6 (a) shows the half cross sections of the proles (the height h against the radial
position r) of the droplet and gel substrate at dierent times (Substrate: CMBA = 5 mol%
and CAMPS = 30 mol% ). During the diusion process of the droplet into the gel substrate,
both the proles of the droplet and substrate change. At an early stage (t = 25 s), the
contact line of the droplet is seen clearly, i.e., the slope of the prole is discontinuous at the
droplet perimeter. As the water diusion proceeds, the height of the droplet decreases, while
the height of the gel substrate around the contact line increases. The horizontal extent of
the substrate deformation grows close to the order of 1 mm from the initial position of the
contact line, and the boundary between the droplet and substrate becomes less clear.
Although the contact line is dicult to observe directly at the late stage, it is still possible
to detect the position of the contact line using the local curvature of the prole at the center
(r  0). When a water droplet still resides on the gel substrate, the surface of the central
region where the droplet resides must be a spherical cap of uniform curvature due to the
eect of the surface tension. Therefore, if the local curvature at the center Hc is calculated
as:
1
Hc
 @
2h
@r2

r0
; (5)
and then it is extrapolated outward, the position of the contact line can be detected as the
point where the actual prole deviates from the extrapolated Hc curve. The extrapolated
Hc curves are also plotted in g. 6 (a) as dashed lines. To show the position of the contact
line more clearly, h is replotted as a function of r2 in g. 6 (b).
Now that the position of the contact line has been detected, it is possible to measure
the radius of the droplet R, the eective contact angle of the droplet drop with respect to
horizontal, and the angle of the local slope of the gel surface gel close to the contact line.
Figure 6 (c) illustrates the determination of R, drop and gel. The angle drop was calculated
from the radius of the droplet R and the curvature Hc as:
drop = sin
 1(R=Hc); (6)
while gel was directly measured from the slope of the prole in the vicinity of the contact
line (The position used for measuring gel was 1.5 grid spacings ( 90 m) apart from the
position of the contact line.). Figure 7 shows the plot of R against the time t, and g. 8
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shows the plot of drop and gel against t. In both gures, data of two dierent substrates are
shown: (a) CAMPS = 30 mol% and CMBA = 5 mol%, (b) CAMPS = 10 mol% and CMBA = 5
mol%.
In g. 7, although the time scales are dierent on these two substrates, the general trends
are almost the same: the behavior of the contact line exhibits two dierent regimes. The
contact line is initially pinned, i.e., it does not move during a certain period. At a time
t = trec, the contact line starts to recede and then it continues to recede until the droplet
has totally diused into the gel. By comparing g. 7 to g. 8, it is clearly observed that the
transition of the pinning to receding regimes of the contact line is closely related to the time
evolutions of drop and gel. At the initial stage where the contact line is pinned, the values
of drop and gel are largely dierent. As the water diusion proceeds, these two angles come
close to each other: drop decreases while gel increases. At the moment where drop and
gel almost correspond, the contact line starts to recede. This result indicates that at the
moment of the contact line recession, the actual contact angle of the droplet with respect
to the substrate  = drop   gel is nearly 0. The same trend was observed for all AMPS
and MBA concentrations in our experiment.
C. Dependence on Properties of Gel Substrate
In this section, we show how the behavior of the contact line depends on the following
parameters: the MBA concentration CMBA that determines the rigidity of the gel substrate
and the PAMPS concentration CAMPS that determines the hydrophilicity of the substrate.
Figure 9 (a) shows the plot of the radii of droplets R against the time t on the substrates
of two dierent CMBA (2 mol% and 10 mol%), where CAMPS is xed at 10 mol%. For
the sake of comparison, the radius R and time t are normalized respectively by the initial
radius Ri and total diusion time tf dened as the time at which the droplet has completely
diused into the gel. Figure 9 (a) shows that the relative length of the initial pinned regime
to the total diusion time trec=tf depends upon CMBA of the substrate. For low CMBA (2
mol%) where the rigidity of the substrate is weak, the initial pinned regime is considerably
short relative to the total diusion time (trec=tf = 0:09). The contact line starts to recede
immediately after the droplet is placed on the substrate. On the other hand, for high CMBA
(10 mol%) where the substrate is more rigid, the initial pinned regime becomes relatively
8
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long, i.e., the contact line is pinned almost the half period of the whole diusion process
(trec=tf = 0:48).
To evaluate the parameter dependence in detail, the relative length of the initial pinned
regime to the total diusion time trec=tf was measured on gels of various CMBA and CAMPS,
and was plotted in g 9 (b). For both CAMPS, trec=tf becomes longer with the increase of
CMBA, i.e., the contact line is pinned for a longer time with the increase of the gel rigidity.
Comparing the data of dierent CAMPS, it is observed in a whole range of CMBA that trec=tf
is shorter for higher CAMPS (30 mol%), i.e., the contact line starts to recede earlier when
the gel substrate has higher hydrophilicity.
In g. 1, it was seen that both the parameters CMBA and CAMPS largely aect the
swelling ability of the gel, i.e., the volume swelling ratio V swgel =V
i
gel. Considering that, the
data trec=tf for all gels are replotted as a function of V
sw
gel =V
i
gel in g. 9 (c). It is clearly
observed that trec=tf has an universal negative dependence upon V
sw
gel =V
i
gel.
IV. DISCUSSION
A. Mechanism of Contact Line Recession with a Nearly Zero Contact Angle:
Formation of a Locally Swollen Region
In this section, we discuss why the actual contact angle of the droplet  = drop  
gel becomes nearly 0
 at the moment of the contact line recession. Figure 10 shows the
schematics of the physical model we propose.
After the droplet is placed on a gel substrate, the water starts to diuse from the droplet
into the substrate (here we assume that the eect of the evaporation is considerably smaller
than of the diusion into the substrate.), and the gel substrate deforms as it swells with
water. From the fact that the horizontal size of the deformation of the substrate xd is of the
order of 100 m to 1 mm and it grows as a function of time, we consider that the dominant
factor for the deformation is the eect of the swelling (Another possible factor which causes
the deformation of the substrate is the balance between the capillary force and elastic force
[12, 14]. However, the characteristic size of xd in that case is considerably smaller: xd  =E
is of the order of 1 m for E = 25 kPa [14, 24].).
Here we consider the diusion of water into the gel with an analogy of the drying problems
9
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of the droplet [30, 31]. Due to the geometry of the droplet, it is expected that the diusive
ux of water near the edge of the droplet is strongly enhanced compared to the center (g.
10 (a)). Therefore, the substrate in the vicinity of the contact line swells with water quite
rapidly, and it forms a \locally swollen" region. Once it is formed, the contact line feels
the surface of this locally swollen region, and whether the contact line can recede or not is
determined by the wetting property of the swollen gel surface. (g. 10 (b)).
To check the wetting property of the swollen gel surface, we conducted a supplemental
wetting experiment on a gel substrate which is previously fully swollen in a water bath. To
avoid that a thin water layer could remain on the gel surface, the level of the water bath
is always kept below the gel surface during the swelling process, and the gel surface was
softly wiped with an optical cleaning tissue (Kimwipes; Kimberly-Clark Professional, USA)
before being used. We observed that on a fully swollen gel substrate, the droplet spreads
rapidly and the contact angle takes a considerably small value (< 3) irrespective of the
MBA concentration and AMPS concentration. (This result can be understood in terms of
the thermodynamic equilibrium. Since the fully swollen gel is equilibrated with the bulk
water, putting a water droplet on the fully swollen gel is thermodynamically nearly the same
condition as putting a water droplet on a bulk water, where the droplet spreads completely.)
From the results of the supplemental experiment, it is expected that the equilibrium
contact angle on the locally swollen gel surface is very close to 0. For the contact to recede
on a gel substrate, the actual contact angle of the droplet with respect to the slope of the
substrate  = drop   gel must correspond to the equilibrium contact angle on a swollen
gel surface. Therefore, the contact line is pinned until  reaches nearly 0.
The negative dependence of trec=tf on the volume swelling ratio of the substrate V
sw
gel =V
i
gel
in g. 9 (c) can be understood in terms of the growth of the deformation of the gel surface.
For the gel substrate with a large swelling ratio, after a droplet is placed on the substrate,
the region near the water-gel interface changes its volume drastically by swelling with water,
which causes the large rise of the gel surface around the droplet. Therefore, the angle of
the local slope of the gel surface at the contact line gel increases rapidly up to the value of
drop at an early stage of the diusion process. On the other hand, for the substrate with a
small swelling ratio, the rise of the gel surface due to the swelling eect is relatively small.
In that case, drop does not corresponds to gel until the droplet diuses most of water into
the gel and decreases drop to considerably a small value.
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B. Analysis for Characteristic Time of Contact Line Recession
In this section, we propose a modeling for estimating the time of the contact line recession.
Here we consider a simple model depicted in g. 11 to get the order of magnitude for the
behaviors of drop and gel at the initial pinned-contact line stage.
We assume that below the droplet, the water diusion creates the diusive boundary
layer of typical thickness
p
Dt, where D is the diusion coecient of water in the gel. The
typical volume ux of water at the water-gel interface z = zgel is scaled as
J  Dsw   ip
Dt
: (7)
where sw is the volume fraction of water in the fully swollen gel (suppose that at the water-
gel interface, gel is immediately swollen), and i is the volume fraction of water in the gel
at the initial state. Due to this ux, the volume of the droplet dVdrop  R3drop decreases
as
dVdrop
dt
 R3ddrop
dt
=  R2J: (8)
while the volume of the gel increases as
dVgel
dt
 R2dzgel
dt
= R2J: (9)
The local slope of the gel near the contact line gel is estimated to be close to the ratio
zgel=dgel, where zgel designates the vertical displacement of the droplet basis due to swelling,
and dgel, the horizontal distance on which this displacement relaxes radially around the
droplet. With an analogy of a contact problem of solid bodies [32], here we assume that the
shape of the gel surface is mainly dictated by a compromise between the shear elasticity of
the gel and the rising condition z = zgel at the droplet basis of radius R. The characteristic
size of dgel is thus estimated as the same order of the droplet radius: dgel  R. (Rigorously,
the water diusion in a horizontal direction aects the shape of the gel surface in addition
to the deformation due to the rise of the droplet basis. However, at an early stage where the
characteristic size of the swollen region in a horizontal direction xgel  zgel  (sw i)
p
Dt
is suciently smaller than the size of the droplet R, this eect can be neglected.)
Combining eqs. (7) - (9), the time evolution of the angles drop and gel are obtained as
drop(t)  (0)drop   
sw   i
R
p
Dt: (10)
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gel(t)  sw   i
R
p
Dt: (11)
where 
(0)
drop is the initial value of the eective contact angle of the droplet. Equations (10)
and (11) predict that the time evolutions of drop(t)  (0)drop and of gel(t) are proportional top
t. In g. 8, the tting curves (a+ b
p
t with tting parameters a and b) are drawn for drop
and gel as dashed lines. Except for the data of gel at a very early stage in g. 8 (a) (where
the experimental uncertainty is not negligible), the experimental data ts the curves well.
From eqs. (10) and (11), the characteristic time of the contact line recession  , i.e., the
time when the actual contact angle  = drop   gel goes to zero, is thus estimated as
  (R
(0)
drop)
2
D(sw   i)2 : (12)
Let us calculate  for our gel (CMBA = 5 mol%, CAMPS = 10 mol%): R = 1:42 mm,

(0)
drop = 27:1
, and sw   i = 0:0529 (obtained by the data of swelling ratio). For the
diusion coecient D, we refer to the data in ref. [33]: the value which is closest to our
system is AAm/AMPS in water (AMPS/mg = 300) in tab. 5: D = 39:47 10 8 m2/s. By
substituting these values in eq. (12),  is calculated as ca. 400 s. Experimentally, the time
for the onset of the contact line recession was measured as 140 s, which is not far from our
theoretical estimation.
V. CONCLUSION
In this article, we have studied the dynamics of the wetting and diusing processes
of water droplets on hydrogel (Poly (2-acrylamido-2-methyl-propane-sulfonic acid -co-
acrylamide)(PAMPS-PAAM)) substrates. The proles of the droplet and substrate were
measured dynamically using a grid projection method. We have observed that as the water
droplet diuses into the gel, the behavior of the contact line successively exhibits two dier-
ent regimes: pinned and receding, and the transition between these two regimes is closely
related to the local deformation of the gel substrate. The contact line is initially pinned
after the droplet is placed. As the water diusion proceeds, the eective contact angle of
the droplet decreases while the angle of the local slope of the gel surface near the contact
line increases. Finally these two angles almost correspond to each other, and it is at this
moment that the contact line starts to recede. This result indicates that at the moment
12
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of the contact line recession, the actual contact angle is nearly 0. We have also discussed
how the pinned-receding transition depends on the properties of the gel substrate such as
the rigidity and hydrophilicity, and have found that the length of the initial pinned regime
largely depends on the gel swelling ability.
About the mechanism of the pinning-receding transitions of the contact line, we have
proposed a physical model that a locally swollen region is formed in the vicinity of the
contact line, and that whether the contact line is pinned or recede is determined by the
wetting property of this swollen region. This model correctly reproduces the evolutions of
the droplet and gel angles at the initial pinned-contact line stage, and explains the eect of
the gel swelling ability on the length of the initial pinned regime.
Our results show that the dynamics of the contact line on hydrogel substrates are quite
dierent from those observed for general solid materials, especially for the coupling between
the pinning-receding transition of the contact line and the angles of the droplet and substrate.
Further studies are required for the detailed analysis of the present phenomena, especially
for the late stage of the diusion process where the contact line recedes and the swollen
region grows up to the size of the droplet. This would be possible by solving the combined
equations of the water transport from the droplet to gel and of the balance of interfacial
tensions at the contact line, which will be expected in future works.
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FIG. 1: Plot of the volume swelling ratio: relative volume of the gel at the fully swollen state
to the initial state V swgel =V
i
gel, against the MBA concentration. The data of two dierent AMPS
concentrations (10 mol% and 30 mol%) are plotted with dierent symbols.
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FIG. 2: Plot of the elasticity of the gel against the MBA concentration. The AMPS concentrations
were 30 mol% for (a) and 10 mol% for (b). In each gure, data of gels at the initial states (before
swelling) and at the fully swollen states are plotted with dierent symbols.
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FIG. 3: (a) Schematic of the setup for the prole measurement. Using two lenses (converting lens:
f = 200 mm, focus lens: f = 35 mm), the mirror image of the grid was projected inside the gel
which was located just below the droplet. (b) An image of grid lines which is taken after the droplet
is placed on the gel substrate. Due to the deformation of the interface (air-water and air-gel), the
grid lines are distorted and their apparent spacing has changed.
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FIG. 4: (a) Spatio-temporal diagram of the grid lines in one cross section of the droplet. (b)
Spatio-temporal diagram of the shift distances of lines ds. ds is proportional to a gray-scale: the
dark region means that the grid shifts to left and the bright region indicates the grid shifts to right.
In gures (a) and (b), the dashed line indicates the time that droplet is placed. (c) Proles of the
shift distances ds at two dierent times (10 s, 70 s). The position x = 0 indicates the center of the
droplet and the shift distance becomes positive when the line shifts to right. For all gures, the
MBA and AMPS concentrations of the substrate are 5 mol% and 30 mol%, respectively.
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FIG. 5: Reconstruction of the prole. (a) Geometry of the light path that passes the grid image
and is detected by the CCD. As the interface between two mediums A (air) and B (water or gel)
of dierent refractive indexes is inclined with respect to the horizontal axis x, the light is refracted
at the interface. (b) Reconstructed proles of the droplet obtained from the data in g. 5 (c).
Proles at two dierent times (10 s, 70 s) are plotted.
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FIG. 6: (a) Half cross sections of the proles of the droplet and substrate (CMBA = 5 mol%,
CAMPS = 30 mol%) at 5 dierent times (25 s, 50 s, 100 s, 150 s, and 200 s). The solid lines indicate
the actual proles, while the dashed lines indicate the extrapolations of the local curvatures at the
center Hc. (b) Replot of the height h against the second power of the radial position r2. The
positions of the contact lines where the actual proles deviate from the extrapolated Hc curves are
marked as dotted lines. (c) Denition of parameters R, drop, and gel.
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FIG. 7: Plot of the radius of the droplet (the region having a same curvature as the center) R
against the time t. The MBA concentration CMBA is xed at 5 mol%, and the AMPS concentrations
CAMPS are (a) 30 mol% and (b) 10 mol%.
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FIG. 8: Plot of the angles of the droplet drop and gel substrate gel with respect to horizontal
against the time t. The MBA concentration CMBA is xed at 5 mol%, and the AMPS concentrations
CAMPS are (a) 30 mol% and (b) 10 mol%. In the left part of each gure, the tting curves of the
theoretical model proposed in sec. IVB are marked as gray dashed lines.
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are plotted. The time when the contact line recession starts trec=tf are marked as dashed lines. (b)
Plot of trec=tf against CMBA. Data of two dierent CAMPS (10 mol% and 30 mol%) are plotted
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FIG. 10: Mechanism of the recession of contact line. (a) The initial stage that the contact line is
pinned. For geometrical reasons, diusive ux from the droplet to the gel is strongly enhanced near
the contact line. (b) The second stage where the contact line recedes. Due to the water diusion,
a locally swollen region has formed near the contact line. For the contact line to recede, the actual
contact angle  (the angle with respect to the slope of the substrate) must correspond to the
equilibrium contact angle on this swollen gel surface.
25
Page 25 of 59 Soft Matter
zR
J
dropθ
gelθ
gelZ
0
droplet
gel
geld
),( yxr
r
FIG. 11: Geometry, coordinates, and variables of the system in the theoretical modeling.
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With our observation technique using a grid projection, we discovered a pinning-depinning
transition of the contact line in wetting and diusing processes of water droplets on hydrogel
(PAMPS-PAAM) substrates.
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Referee1  
(1) >>Do the authors know something about the roughness of the dry hydrogel? If yes, I 
suggest to add that information.  
 
(Answer) Currently we do not have the exact value of the roughness of the gel substrate. 
However, in the gel preparation process, we carefully made the gel surface as smooth as 
possible by preparing it between 2 pre-cleaned glass slides. Under this condition, the 
roughness of the gel is presumably the same of glass slides, which is typically the order 
of 10 nm. We have added sentences for mentioning this point in section II-A (line 11, 
page 4). 
 
 
(2) >>Right now I do not have access to refs. 26 and 27. Is the optical shape analysis 
described there? If yes, I suggest to describe it here only briefly and remove Figs. 4+5.  
>>I am not sure if in conclusion the optical analysis of the drop shape should be 
mentioned. If I understood correctly this was already described in refs. 26+27. 
 
(A) Please note that we cited refs. 26 and 27 for referring the basic theories of 
geometrical optics about the optical distortion due to the curved surface, and the 
systems mentioned in these 2 articles are totally different from ours (ref. 26 is about the 
optical correction for PIV measurement, and ref. 27 is about obtaining the velocity 
profiles in oscillating Newtonian and Maxwellian fluids).  
Considering that refs. 26 and 27 are far from our subject, we have replaced them to the 
following four articles in which the grid pattern is used for measuring the surface profile 
of liquid, which is closer to our problem. 
[26] J. Kurata et al. Rev. Sci. Instrum., 1990, 61, 736-739. 
[27] M. Fermigier et al. J. Fluid. Mech. 1992, 236, 349-383. 
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[28] C. Andrieu et al. C. R. Acad. Sci. Paris 1995, 320, 351-357. 
[29] M. Banaha et al. Eur. Phys. J. Special Topics, 2009, 166, 185-188. 
([26] and [27] are about the surface flows, [28] is about the dewetting process of the thin 
liquid film, and [29] is about the spreading process of liquid on Agar gel.) 
What we have directly referred for our experiment is the method used in ref. [29]. We 
have improved the method of Banaha et al. by expanding the optical setup so that the 
reduced mirror image of the grid is projected inside the gel and used for the 
measurement, which allows for a considerably high spatial resolution. 
 To explain about how the grid pattern was applied to the measurement of the liquid 
surface profile and how the method has been developed, we have added sentences in the 
“Introduction” part (line 2, page 3). We have also mentioned how we have extended the 
experimental setup in comparison with the previous works.  
 In relation to that, we have rewritten the sentence in the “Conclusion” part (line 20, 
page 12). 
 
 
(3) >>I did not understand the sentence around equation (5). I suggest to rewrite it. 
 
(A) We have rewritten the explanations around equation (5) to make the detection 
method of the contact line clearer to understand (line 11, page 7). In relation to that, we 
have added words for explanation in fig. 6.  
 
 
(4) >>Page 7: I do not really like the sentence “The contact line undergoes two different 
states”. What is a state of a line? What the authors refer to is, if I understand correctly, 
that the change of the contact radius with time shows two regimes. 
 
(A) Based on the referee’s suggestion, we have rewritten the sentence mentioned above 
to “the behavior of the contact line exhibits successively two different regimes” (line 5, 
page 8). We have also rewritten the expression “state of the contact line” to “behavior of 
the contact line” throughout the parts of this manuscript (abstract, introduction, and 
conclusion, etc.). 
 
 
(5) >> In the analysis for the characteristic time of the contact line only diffusion is 
vertical direction is allowed, isn’t it? In the mid and long term, however, water will also 
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diffuse radially. In particular for small drops this may be a strong effect. The authors 
should integrate or comment on this effect.  
 
(A) We are here not trying to solve the problem in details, but just give an approximate 
scaling law that represents roughly our data. We agree that there is also the effect of the 
water diffusion in radial direction in addition to the scale based on the droplet radius R.  
However, since the swollen region grows horizontally and vertically as 
Dtzx iswgelgel )(~ φφ −≈ , 
the radial size of the swollen region is sufficiently smaller than the size of deformation 
due to the rise of the droplet basis (order of R) at an early stage (in our system, it is 
typically up to ~100 s). As a first approximation, we thus neglected the effect of the 
radial diffusion in the calculations of the gel slope. We have added a comment regarding 
this point in section IV-B (line 22, page 11). 
On the other hand, the radial diffusion is of course essential at the later stage of the 
diffusion process (especially at the second regime where the contact line recedes), and 
this should be considered in future works. We have added sentences at the last part of 
“Conclusion” (line 14, page 13). 
 
 
 
Referee2 
(1) >>The experimental details on how the evaporation of water from the drop and gel 
was prevented during the experiment are not clear for me. The authors described that 
the gel substrate was surrounded by macroscopic water droplets, which is also unclear 
for me. Was the experiment performed in a saturated water vapor environment? A 
detailed illustration of the chamber for gel substrate might be helpful.  
 
(A) We have modified fig. 3 (a) by adding a detailed illustration inside the chamber, 
which clearly explains how we prevented the water evaporation. In relation to that, we 
have rewritten the sentences in the body text (line 2, page 5).   
 
 
(2) >>Related to the above question, were the gels used in the experiment in equilibrium 
swelling state? If yes, then it is not understandable why the water droplets will diffuse 
into the gel completely after certain time. The diffusion should stop when the elastic 
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force is balanced by the capillary force (the thermodynamic equilibrium). However, the 
authors claimed that the deformation is due to swelling, not due to the thermodynamic 
equilibrium.  
 
(A) The substrates used in the wetting experiment are initially below the swelling 
equilibrium (except for the supplemental experiment for checking the wetting property 
on a fully-swollen gel explained in section IV-A), and their swelling abilities were 
checked in section II-A. After we put the gel substrate in the chamber, we placed the 
droplet and started the measurement immediately. The droplet of 1 μl completely 
diffuses into the gel.  
To avoid the confusion, we have added a sentence in section II-B (line 1, page 5) to 
clarify that the gel was initially under the swelling equilibrium. We have also rewritten 
the sentences in section II-A (line 14, page 4) to explain that the swelling ability of the 
gel was checked in the preparative experiment.  
 
 
(3) >>If not, then the pinning time should depend on swelling ratio deviation from the 
equilibrium state. In this case, how did the authors control the swelling ratio for 
different samples?  
 
(A) This point is explained in section III-C (the experimental results about how the 
pinning time depends on the gel properties) and at the last paragraph in section IV-A 
(the mechanism). As the referee insists, the duration of pinning clearly depends on the 
swelling ability of the gel, i.e., how the gel is far from its swelling equilibrium. In this 
experiment, we controlled 2 properties of the gel: the gel rigidity (tuned by the 
concentration of cross-linker) and gel hydrophilicity (tuned by the concentration of 
hydrophilic AMPS monomer). Both parameters affect the swelling ability. 
 To make it clear which parameter we controlled, we have added a brief explanation in 
the “Introduction” part (line 13, page 3) and “Conclusion” part (line 1, page 13), and a 
detailed explanation in the “Experimental Section” part (line 29, page 3).   
 
 
(4) >> The description on the relation between the refractive index and the gel 
composition was not accurate (l.8, p.4). The refractive index should not only depend on 
the AMPS concentration but also on the cross-linker concentration, as the latter 
substantially change the swelling ratio.  
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 (A) The refractive index also varies against the cross-linker concentration, but the 
change of the value is the order of 0.001, which is relatively small. We have confirmed it 
by comparing the refractive indexes of gels of different cross-linker concentrations, and 
also by comparing the refractive indexes between gels and monomer solution (without 
cross-linker). We have added the variance of refractive index (line 26, page 4). 
 
 
(5) >> L.6 from bottom, p.9. The meaning of the description “To prohibit that the water 
cover the surface of the gel,” is not clear. 
 
(A) The aim of this process is to completely remove the free water layer from the gel 
surface. We have rewritten the sentence to make the description clearer (line 8, page 10). 
 
 
(6) >> There are many mistakes in English. Some are listed as follows:  
l.15, p.2; “porous medias” should be “porous medium”  
l.23, p.2; “PAAM-PAMPS” should be “PAMPS-PAAM”  
l.22, p.3; “silicon” should be “silicone”  
l.15, p.4: “the gel substrate were….” should be “the gel substrate was….”  
l.22, p.4; “pass trough” should be “pass through”  
l.22, p.4; “the grid plate and was” should be “the grid plate was”  
l.7, p.12; “PAAM-PAMPS” should be “PAMPS-PAAM”  
 
(A) We have modified the parts as the author suggested, and we have conducted the 
spelling check in the entire part of the manuscript. 
(Note: l.15, p.2; we have rewritten as a plural form “porous media”. 
l.22, p.4; we have rewritten the entire part of this sentence to make it clearer to 
understand (line 11, page 5).) 
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Abstract
We studied the dynamics of the wetting and diusing processes of water droplets on hydrogel
(Poly (2-acrylamido-2-methyl-propane-sulfonic acid -co- acrylamide)(PAMPS-PAAM)) substrates.
The proles of the droplet and substrate were measured simultaneously using a grid projection
method. We observed that as the water droplet diuses into the gel, the contact line of the droplet
exhibits successively two dierent behaviors: pinned and receding, and the transition between these
two behaviors is closely related to the local deformation of the gel substrate. The contact line is
pinned at an early stage. As the water diusion proceeds, the contact angle of the droplet decreases
while the angle of the local slope of the gel surface near the contact line increases. At the moment
where these two angles almost correspond to each other, the contact line starts to recede. Our
results indicate that due to the water diusion, a locally swollen region is formed in the vicinity
of the droplet-gel interface, and whether the contact line is pinned or recedes is determined by the
surface property of this swollen region.
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I. INTRODUCTION
Gels are materials which have been attracting continued interest as they are an intriguing
state of matter in physical and chemical sciences [1] and they also have promising techno-
logical potentials in many application elds such as the food processing, drug delivery [2],
and cell transplantation [3]. The understanding and control of interfacial properties of gels
is of crucial importance in applications: they determine adhesion and friction [4, 5] (e.g.
cartilage replacement), surface tension [6] and wetting properties (e.g. soft coatings), opti-
cal properties [7] (e.g. anticondensation coatings), eects on bacterial motility [8], etc. Of
those problems about the interfacial properties of gels, here we are focusing on the problem
of wetting.
Compared to general solid materials on which wetting problems have been extensively
studied [9{11], gels have two specic features which can aect the behavior of the contact
line, i.e., gels are very soft and swell drastically with liquid. Considering these two aspects,
the behavior of the contact line of liquid on gel surfaces might be understood in analogy with
the wetting problems on soft and deformable surfaces like elastomers [12{17], or the wetting
problems on permeable surfaces like porous media or polymer lms [18, 19]. Although
the eect of the softness and the liquid permeability were studied separately, the behavior
of the contact line on gel surfaces would be yet dierent from those cases because these
two aspects exist simultaneously. Several studies have been conducted to characterize the
wetting properties on gel surfaces [20{22], but these studies did not make clear how the
behavior of the contact line is dierent when it is coupled with the local deformation of the
substrate and the diusion of the liquid.
In this article, we studied the wetting and diusing processes of water droplets on hydro-
gel (Poly (2-acrylamido-2-methyl-propane-sulfonic acid -co- acrylamide)(PAMPS-PAAM))
substrates. The precise analysis of the contact line behavior in the presence of the substrate
deformation and liquid diusion requires to measure both the proles of the droplet and of
gel substrate simultaneously. In a static case, the simultaneous measurement of the proles
of the droplet and of substrate was conducted by a uorescent microscopy for liquid droplets
on elastomer surfaces [23{25]. To obtain these two proles dynamically, we used the \grid
projection method", i.e., we projected a grid pattern below the gel surface and measured its
optical distortion induced by the light refraction at the surface to reconstruct the original
2
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prole.
The use of a grid pattern for measuring the prole of a liquid surface has been proposed
by Kurata et al. [26] and Fermigier et al. [27] in the problems of free surface ows, and by
Andrieu et al. [28] in the dewetting problem of thin liquid lms. Recently, Banaha et al.
reported that the same technique can be applied to measure the spreading process of liquid
on Agar gels [29], in which they measured both the surface proles of the liquid and of gel.
Here we have improved the method of Banaha et al. by extending the optical setup so that
a reduced mirror image of the grid pattern is projected inside the gel and is used for the
prole measurement. This allows for considerably a high spatial resolution.
We observed that as the water droplet diuses into the gel substrate, the behavior of
the contact line exhibits successively two dierent regimes: pinned and receding, and the
transition between these two regimes is closely related to the local deformation of the sub-
strate around the contact line. We discuss how the pinned-receding transition depends on
the properties of the gel, i.e., the rigidity and hydrophilicity (tuned by the concentrations
of crosslinking agent and of hydrophilic AMPS monomer), which determine the gel swelling
ability. In chapter IV, we propose possible mechanisms for the behavior of the contact line.
II. EXPERIMENTAL SECTION
A. Materials
Poly (2-acrylamido-2-methyl-propane-sulfonic acid -co- acrylamide) (PAMPS-PAAM)
gels were used for gel substrates and distilled water (Milli-Q Integral; Millipore, USA)
was used for liquid droplets. The PAMPS-PAAM gels were prepared through the rad-
ical polymerization of a solution of 2-acrylamido-2-methyl-propane-sulfonic acid (AMPS;
Sigma-Aldrich, USA) and acrylamide (AAM; Alfa Aesar, USA) in water with a cross-
linking agent, N;N 0-methylenebisacrylamide (MBA; Sigma-Aldrich, USA), and initiators,
Potassium persulfate (PS; Sigma-Aldrich, USA) and N;N;N 0; N 0-Tetramethylenediamine
(TEMED; Sigma-Aldrich, USA). The total molar concentration of monomer was xed at 1
M. The concentrations of AMPS and of crosslinking agent MBA with respect to the total
amount of monomer were tuned as control parameters: CAMPS was set at 10 mol% and 30
mol%, and CMBA was changed from 1 mol% to 20 mol%. Note that CMBA changes the
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rigidity of the gel, while CAMPS corresponds the fraction of hydrophilic monomers and thus
changes the hydrophilicity of the gel. The concentrations of initiators PS and TEMED were
xed at 1 mol%.
To obtain a sheet-shaped gel substrate with a smooth surface, the gel was prepared
between two parallel glass slides which were separated by a silicone rubber spacer with a
thickness of 4:5 mm, which always remains large compared to the radius (< 1:5 mm) and
height (< 0:45 mm) of the droplet. Before being used, glass slides were pre-cleaned with a
1 M solution of sodium hydrate in ethanol for 1 week. The polymerization was started by
heating a monomer solution to 60 C in a heat chamber. For the polymerization to nish
completely, the solution was kept in a heat chamber for 2 hours then at room temperature
for more than 3 days before it was used for the measurement. The surface roughness of
the gel is not known but should not exceed that of the glass surface, i.e., a few tenth of
nanometers.
To check the swelling ability of the gel, the volume change of the gel was measured
between at the initial state and at the fully swollen state. Here, the fully swollen gel was
prepared by dipping the gel in a water bath for more than 1 week. Figure 1 shows the plots
of the volume swelling ratio, i.e., the relative volume of the gel at the fully swollen state V swgel
to at the initial state V igel, against the MBA concentration CMBA in two dierent AMPS
concentrations CAMPS. It is seen that the gel swells drastically with water, and that both
the parameters CAMPS and CMBA aect the swelling ability of the gel. For high CAMPS and
low CMBA, the gels are swollen up to more than 10 times their initial volumes, while for low
CAMPS and high CMBA, the gels are swollen only to less than twice the initial volumes.
The elasticity of the gel was measured by an indentation tester (TA.XTPlus; Texture
Technologies, USA) with a spherical probe ( = 0:5 inch) and was plotted in g. 2. The
refractive index of the gels were measured by a refractometer (ARAGO1; Cordouan Tech-
nologies, France) as 1:350  0:003 for the gels CAMPS = 30 mol% and 1:346  0:003 for
CAMPS = 10 mol%, which are considerably close to the value of water: 1:331.
B. Setup for Prole Measurement
Figure 3 (a) shows the setups for the prole measurement. A gel substrate was placed
on a hollow stage, and a droplet was placed on the substrate with a micropipet. The initial
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volume of the droplet V idrop was xed at 1 l. As the gel is initially under the swelling
equilibrium, the droplet of 1 l completely diuses into the gel. To restrain the eect of
water evaporation from the droplet and from the gel, the droplet and gel substrate were
sealed by a small plastic box in which air was saturated with water vapor. This has been
performed by depositing a ring of water all around the gel (Note that the water ring does
not touch the gel).
To measure both the prole of the droplet and gel simultaneously, a grid projection
method was used. In the grid projection method, the prole of the object is obtained
by tracing a optical distortion of grid lines. The original grid plate (Array of black lines
printed on a transparency. The distance of each line was 400 m.) was located far from
the observation system. The illumination light was emitted from the photodiode (Lumileds;
Philips, Netherlands) and passed through the grid plate. After being converted to a parallel
light by an optical lens (f = 200 mm), the light was guided toward the bottom of the
substrate, and passed through a focus lens (TV lens f = 35 mm; Pentax, Japan). This
focus lens projects the mirror image of the grid inside the gel substrate, whose position was
set just below the droplet. In all measurements, the depth of the mirror image from the
gel surface was xed at e0 = 1:875 mm. The grid image was measured by a CCD camera
(A101FC; Basler AG, Germany) with a magnication lens (TV lens f = 25 mm; Pentax,
Japan) placed above the droplet.
Figure 3 (b) shows the image of the grid lines obtained after the droplet is placed on
a gel substrate. In the mirror image, the distance of each grid line was 59:5 m, thus the
resolution increases up to 6 times of the original grid lines. For analysis, one cross section
of the droplet which is perpendicular to the grid lines (indicated in g. 3 (b) as a dashed
line) was used.
III. EXPERIMENTAL RESULTS
A. Shift of Grid Lines and Reconstruction of Prole
Figure 4 (a) shows the spatio-temporal diagram of grid lines in one cross section of the
droplet. It is seen that after the droplet is placed on a substrate, the grid lines in the region
of the droplet appears shifted from their initial positions by certain distances. In the left
5
Page 38 of 59Soft Matter
side of the droplet, the lines shift to left, while the lines shift to right in the right side.
Using an image analysis, the positions of all lines (center of black lines and white lines)
were detected and were tracked over time, yielding the distance of shift ds with respect to
the unperturbed grid. Figure 4 (b) shows the spatio-temporal diagram of the shift distance
of grid lines ds(x; t) and g. 4 (c) shows the plot of ds at two dierent times. Note that in
both gures, the data of ds between the positions of grid lines was linearly interpolated.
Just after the droplet is placed on a substrate (t = 10 s), a large discontinuity of ds exists
between the region where the droplet was placed and the outer region, i.e., ds varies sharply
at the edge of the droplet. As the water diuses from the droplet to the gel (t = 70 s), ds
becomes smaller in the droplet region, while the region that ds has a non-zero value extends
outwards from the initial position of the edge of the droplet.
As is shown in g. 5 (a), the shift of grid lines is due to the refraction of lights at the
interface between the mediums of dierent refractive indexes (medium A: air, medium B:
water or gel). With geometrical optics, the value of the shift distance ds(x; t) is related to
the local slope of the interface tan(x; t) by the following three equations:
sin = n sin ; (1)
 =   ; (2)
tan  =
ds
e
; (3)
where  and  are the angles of the light path in mediums A and B with respect to the
normal to the interface,  is the angle of the light path in medium B with respect to the
vertical axis z, n is the refractive index of medium B (since n of the PAMPS-PAAM gel is
suciently close to the value of water, we used the value of water n = 1:33 for both droplet
and gel regions), and e(x; t) is the depth of the grid lines from the interface. At a point
x = x0 located suciently far from the droplet, we can consider that 0 = 0 and that e(x0)
still remains the initial value e0 before the droplet is placed. From there, (x) and e(x) are
calculated numerically by integrating eqs. (1)-(3) and the relation
e(x) = e0 +
Z x
x0
dx; tan(x;); (4)
at each data point. Figure 5 (b) shows the proles h(x) = e(x)   e0 of the droplet and
substrate reconstructed from the data in g. 4 (c). Here, the calculation was conducted
from left x < 0 to right x > 0.
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B. Relation between Behavior of Contact Line and Deformation of Substrate
Figure 6 (a) shows the half cross sections of the proles (the height h against the radial
position r) of the droplet and gel substrate at dierent times (Substrate: CMBA = 5 mol%
and CAMPS = 30 mol% ). During the diusion process of the droplet into the gel substrate,
both the proles of the droplet and substrate change. At an early stage (t = 25 s), the
contact line of the droplet is seen clearly, i.e., the slope of the prole is discontinuous at the
droplet perimeter. As the water diusion proceeds, the height of the droplet decreases, while
the height of the gel substrate around the contact line increases. The horizontal extent of
the substrate deformation grows close to the order of 1 mm from the initial position of the
contact line, and the boundary between the droplet and substrate becomes less clear.
Although the contact line is dicult to observe directly at the late stage, it is still possible
to detect the position of the contact line using the local curvature of the prole at the center
(r  0). When a water droplet still resides on the gel substrate, the surface of the central
region where the droplet resides must be a spherical cap of uniform curvature due to the
eect of the surface tension. Therefore, if the local curvature at the center Hc is calculated
as:
1
Hc
 @
2h
@r2

r0
; (5)
and then it is extrapolated outward, the position of the contact line can be detected as the
point where the actual prole deviates from the extrapolated Hc curve. The extrapolated
Hc curves are also plotted in g. 6 (a) as dashed lines. To show the position of the contact
line more clearly, h is replotted as a function of r2 in g. 6 (b).
Now that the position of the contact line has been detected, it is possible to measure
the radius of the droplet R, the eective contact angle of the droplet drop with respect to
horizontal, and the angle of the local slope of the gel surface gel close to the contact line.
Figure 6 (c) illustrates the determination of R, drop and gel. The angle drop was calculated
from the radius of the droplet R and the curvature Hc as:
drop = sin
 1(R=Hc); (6)
while gel was directly measured from the slope of the prole in the vicinity of the contact
line (The position used for measuring gel was 1.5 grid spacings ( 90 m) apart from the
position of the contact line.). Figure 7 shows the plot of R against the time t, and g. 8
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shows the plot of drop and gel against t. In both gures, data of two dierent substrates are
shown: (a) CAMPS = 30 mol% and CMBA = 5 mol%, (b) CAMPS = 10 mol% and CMBA = 5
mol%.
In g. 7, although the time scales are dierent on these two substrates, the general trends
are almost the same: the behavior of the contact line exhibits two dierent regimes. The
contact line is initially pinned, i.e., it does not move during a certain period. At a time
t = trec, the contact line starts to recede and then it continues to recede until the droplet
has totally diused into the gel. By comparing g. 7 to g. 8, it is clearly observed that the
transition of the pinning to receding regimes of the contact line is closely related to the time
evolutions of drop and gel. At the initial stage where the contact line is pinned, the values
of drop and gel are largely dierent. As the water diusion proceeds, these two angles come
close to each other: drop decreases while gel increases. At the moment where drop and
gel almost correspond, the contact line starts to recede. This result indicates that at the
moment of the contact line recession, the actual contact angle of the droplet with respect
to the substrate  = drop   gel is nearly 0. The same trend was observed for all AMPS
and MBA concentrations in our experiment.
C. Dependence on Properties of Gel Substrate
In this section, we show how the behavior of the contact line depends on the following
parameters: the MBA concentration CMBA that determines the rigidity of the gel substrate
and the PAMPS concentration CAMPS that determines the hydrophilicity of the substrate.
Figure 9 (a) shows the plot of the radii of droplets R against the time t on the substrates
of two dierent CMBA (2 mol% and 10 mol%), where CAMPS is xed at 10 mol%. For
the sake of comparison, the radius R and time t are normalized respectively by the initial
radius Ri and total diusion time tf dened as the time at which the droplet has completely
diused into the gel. Figure 9 (a) shows that the relative length of the initial pinned regime
to the total diusion time trec=tf depends upon CMBA of the substrate. For low CMBA (2
mol%) where the rigidity of the substrate is weak, the initial pinned regime is considerably
short relative to the total diusion time (trec=tf = 0:09). The contact line starts to recede
immediately after the droplet is placed on the substrate. On the other hand, for high CMBA
(10 mol%) where the substrate is more rigid, the initial pinned regime becomes relatively
8
Page 41 of 59 Soft Matter
long, i.e., the contact line is pinned almost the half period of the whole diusion process
(trec=tf = 0:48).
To evaluate the parameter dependence in detail, the relative length of the initial pinned
regime to the total diusion time trec=tf was measured on gels of various CMBA and CAMPS,
and was plotted in g 9 (b). For both CAMPS, trec=tf becomes longer with the increase of
CMBA, i.e., the contact line is pinned for a longer time with the increase of the gel rigidity.
Comparing the data of dierent CAMPS, it is observed in a whole range of CMBA that trec=tf
is shorter for higher CAMPS (30 mol%), i.e., the contact line starts to recede earlier when
the gel substrate has higher hydrophilicity.
In g. 1, it was seen that both the parameters CMBA and CAMPS largely aect the
swelling ability of the gel, i.e., the volume swelling ratio V swgel =V
i
gel. Considering that, the
data trec=tf for all gels are replotted as a function of V
sw
gel =V
i
gel in g. 9 (c). It is clearly
observed that trec=tf has an universal negative dependence upon V
sw
gel =V
i
gel.
IV. DISCUSSION
A. Mechanism of Contact Line Recession with a Nearly Zero Contact Angle:
Formation of a Locally Swollen Region
In this section, we discuss why the actual contact angle of the droplet  = drop  
gel becomes nearly 0
 at the moment of the contact line recession. Figure 10 shows the
schematics of the physical model we propose.
After the droplet is placed on a gel substrate, the water starts to diuse from the droplet
into the substrate (here we assume that the eect of the evaporation is considerably smaller
than of the diusion into the substrate.), and the gel substrate deforms as it swells with
water. From the fact that the horizontal size of the deformation of the substrate xd is of the
order of 100 m to 1 mm and it grows as a function of time, we consider that the dominant
factor for the deformation is the eect of the swelling (Another possible factor which causes
the deformation of the substrate is the balance between the capillary force and elastic force
[12, 14]. However, the characteristic size of xd in that case is considerably smaller: xd  =E
is of the order of 1 m for E = 25 kPa [14, 24].).
Here we consider the diusion of water into the gel with an analogy of the drying problems
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of the droplet [30, 31]. Due to the geometry of the droplet, it is expected that the diusive
ux of water near the edge of the droplet is strongly enhanced compared to the center (g.
10 (a)). Therefore, the substrate in the vicinity of the contact line swells with water quite
rapidly, and it forms a \locally swollen" region. Once it is formed, the contact line feels
the surface of this locally swollen region, and whether the contact line can recede or not is
determined by the wetting property of the swollen gel surface. (g. 10 (b)).
To check the wetting property of the swollen gel surface, we conducted a supplemental
wetting experiment on a gel substrate which is previously fully swollen in a water bath. To
avoid that a thin water layer could remain on the gel surface, the level of the water bath
is always kept below the gel surface during the swelling process, and the gel surface was
softly wiped with an optical cleaning tissue (Kimwipes; Kimberly-Clark Professional, USA)
before being used. We observed that on a fully swollen gel substrate, the droplet spreads
rapidly and the contact angle takes a considerably small value (< 3) irrespective of the
MBA concentration and AMPS concentration. (This result can be understood in terms of
the thermodynamic equilibrium. Since the fully swollen gel is equilibrated with the bulk
water, putting a water droplet on the fully swollen gel is thermodynamically nearly the same
condition as putting a water droplet on a bulk water, where the droplet spreads completely.)
From the results of the supplemental experiment, it is expected that the equilibrium
contact angle on the locally swollen gel surface is very close to 0. For the contact to recede
on a gel substrate, the actual contact angle of the droplet with respect to the slope of the
substrate  = drop   gel must correspond to the equilibrium contact angle on a swollen
gel surface. Therefore, the contact line is pinned until  reaches nearly 0.
The negative dependence of trec=tf on the volume swelling ratio of the substrate V
sw
gel =V
i
gel
in g. 9 (c) can be understood in terms of the growth of the deformation of the gel surface.
For the gel substrate with a large swelling ratio, after a droplet is placed on the substrate,
the region near the water-gel interface changes its volume drastically by swelling with water,
which causes the large rise of the gel surface around the droplet. Therefore, the angle of
the local slope of the gel surface at the contact line gel increases rapidly up to the value of
drop at an early stage of the diusion process. On the other hand, for the substrate with a
small swelling ratio, the rise of the gel surface due to the swelling eect is relatively small.
In that case, drop does not corresponds to gel until the droplet diuses most of water into
the gel and decreases drop to considerably a small value.
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B. Analysis for Characteristic Time of Contact Line Recession
In this section, we propose a modeling for estimating the time of the contact line recession.
Here we consider a simple model depicted in g. 11 to get the order of magnitude for the
behaviors of drop and gel at the initial pinned-contact line stage.
We assume that below the droplet, the water diusion creates the diusive boundary
layer of typical thickness
p
Dt, where D is the diusion coecient of water in the gel. The
typical volume ux of water at the water-gel interface z = zgel is scaled as
J  Dsw   ip
Dt
: (7)
where sw is the volume fraction of water in the fully swollen gel (suppose that at the water-
gel interface, gel is immediately swollen), and i is the volume fraction of water in the gel
at the initial state. Due to this ux, the volume of the droplet dVdrop  R3drop decreases
as
dVdrop
dt
 R3ddrop
dt
=  R2J: (8)
while the volume of the gel increases as
dVgel
dt
 R2dzgel
dt
= R2J: (9)
The local slope of the gel near the contact line gel is estimated to be close to the ratio
zgel=dgel, where zgel designates the vertical displacement of the droplet basis due to swelling,
and dgel, the horizontal distance on which this displacement relaxes radially around the
droplet. With an analogy of a contact problem of solid bodies [32], here we assume that the
shape of the gel surface is mainly dictated by a compromise between the shear elasticity of
the gel and the rising condition z = zgel at the droplet basis of radius R. The characteristic
size of dgel is thus estimated as the same order of the droplet radius: dgel  R. (Rigorously,
the water diusion in a horizontal direction aects the shape of the gel surface in addition
to the deformation due to the rise of the droplet basis. However, at an early stage where the
characteristic size of the swollen region in a horizontal direction xgel  zgel  (sw i)
p
Dt
is suciently smaller than the size of the droplet R, this eect can be neglected.)
Combining eqs. (7) - (9), the time evolution of the angles drop and gel are obtained as
drop(t)  (0)drop   
sw   i
R
p
Dt: (10)
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gel(t)  sw   i
R
p
Dt: (11)
where 
(0)
drop is the initial value of the eective contact angle of the droplet. Equations (10)
and (11) predict that the time evolutions of drop(t)  (0)drop and of gel(t) are proportional top
t. In g. 8, the tting curves (a+ b
p
t with tting parameters a and b) are drawn for drop
and gel as dashed lines. Except for the data of gel at a very early stage in g. 8 (a) (where
the experimental uncertainty is not negligible), the experimental data ts the curves well.
From eqs. (10) and (11), the characteristic time of the contact line recession  , i.e., the
time when the actual contact angle  = drop   gel goes to zero, is thus estimated as
  (R
(0)
drop)
2
D(sw   i)2 : (12)
Let us calculate  for our gel (CMBA = 5 mol%, CAMPS = 10 mol%): R = 1:42 mm,

(0)
drop = 27:1
, and sw   i = 0:0529 (obtained by the data of swelling ratio). For the
diusion coecient D, we refer to the data in ref. [33]: the value which is closest to our
system is AAm/AMPS in water (AMPS/mg = 300) in tab. 5: D = 39:47 10 8 m2/s. By
substituting these values in eq. (12),  is calculated as ca. 400 s. Experimentally, the time
for the onset of the contact line recession was measured as 140 s, which is not far from our
theoretical estimation.
V. CONCLUSION
In this article, we have studied the dynamics of the wetting and diusing processes
of water droplets on hydrogel (Poly (2-acrylamido-2-methyl-propane-sulfonic acid -co-
acrylamide)(PAMPS-PAAM)) substrates. The proles of the droplet and substrate were
measured dynamically using a grid projection method. We have observed that as the water
droplet diuses into the gel, the behavior of the contact line successively exhibits two dier-
ent regimes: pinned and receding, and the transition between these two regimes is closely
related to the local deformation of the gel substrate. The contact line is initially pinned
after the droplet is placed. As the water diusion proceeds, the eective contact angle of
the droplet decreases while the angle of the local slope of the gel surface near the contact
line increases. Finally these two angles almost correspond to each other, and it is at this
moment that the contact line starts to recede. This result indicates that at the moment
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of the contact line recession, the actual contact angle is nearly 0. We have also discussed
how the pinned-receding transition depends on the properties of the gel substrate such as
the rigidity and hydrophilicity, and have found that the length of the initial pinned regime
largely depends on the gel swelling ability.
About the mechanism of the pinning-receding transitions of the contact line, we have
proposed a physical model that a locally swollen region is formed in the vicinity of the
contact line, and that whether the contact line is pinned or recede is determined by the
wetting property of this swollen region. This model correctly reproduces the evolutions of
the droplet and gel angles at the initial pinned-contact line stage, and explains the eect of
the gel swelling ability on the length of the initial pinned regime.
Our results show that the dynamics of the contact line on hydrogel substrates are quite
dierent from those observed for general solid materials, especially for the coupling between
the pinning-receding transition of the contact line and the angles of the droplet and substrate.
Further studies are required for the detailed analysis of the present phenomena, especially
for the late stage of the diusion process where the contact line recedes and the swollen
region grows up to the size of the droplet. This would be possible by solving the combined
equations of the water transport from the droplet to gel and of the balance of interfacial
tensions at the contact line, which will be expected in future works.
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FIG. 1: Plot of the volume swelling ratio: relative volume of the gel at the fully swollen state
to the initial state V swgel =V
i
gel, against the MBA concentration. The data of two dierent AMPS
concentrations (10 mol% and 30 mol%) are plotted with dierent symbols.
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FIG. 2: Plot of the elasticity of the gel against the MBA concentration. The AMPS concentrations
were 30 mol% for (a) and 10 mol% for (b). In each gure, data of gels at the initial states (before
swelling) and at the fully swollen states are plotted with dierent symbols.
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FIG. 3: (a) Schematic of the setup for the prole measurement. Using two lenses (converting lens:
f = 200 mm, focus lens: f = 35 mm), the mirror image of the grid was projected inside the gel
which was located just below the droplet. (b) An image of grid lines which is taken after the droplet
is placed on the gel substrate. Due to the deformation of the interface (air-water and air-gel), the
grid lines are distorted and their apparent spacing has changed.
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FIG. 4: (a) Spatio-temporal diagram of the grid lines in one cross section of the droplet. (b)
Spatio-temporal diagram of the shift distances of lines ds. ds is proportional to a gray-scale: the
dark region means that the grid shifts to left and the bright region indicates the grid shifts to right.
In gures (a) and (b), the dashed line indicates the time that droplet is placed. (c) Proles of the
shift distances ds at two dierent times (10 s, 70 s). The position x = 0 indicates the center of the
droplet and the shift distance becomes positive when the line shifts to right. For all gures, the
MBA and AMPS concentrations of the substrate are 5 mol% and 30 mol%, respectively.
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FIG. 5: Reconstruction of the prole. (a) Geometry of the light path that passes the grid image
and is detected by the CCD. As the interface between two mediums A (air) and B (water or gel)
of dierent refractive indexes is inclined with respect to the horizontal axis x, the light is refracted
at the interface. (b) Reconstructed proles of the droplet obtained from the data in g. 5 (c).
Proles at two dierent times (10 s, 70 s) are plotted.
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FIG. 6: (a) Half cross sections of the proles of the droplet and substrate (CMBA = 5 mol%,
CAMPS = 30 mol%) at 5 dierent times (25 s, 50 s, 100 s, 150 s, and 200 s). The solid lines indicate
the actual proles, while the dashed lines indicate the extrapolations of the local curvatures at the
center Hc. (b) Replot of the height h against the second power of the radial position r2. The
positions of the contact lines where the actual proles deviate from the extrapolated Hc curves are
marked as dotted lines. (c) Denition of parameters R, drop, and gel.
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FIG. 7: Plot of the radius of the droplet (the region having a same curvature as the center) R
against the time t. The MBA concentration CMBA is xed at 5 mol%, and the AMPS concentrations
CAMPS are (a) 30 mol% and (b) 10 mol%.
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FIG. 8: Plot of the angles of the droplet drop and gel substrate gel with respect to horizontal
against the time t. The MBA concentration CMBA is xed at 5 mol%, and the AMPS concentrations
CAMPS are (a) 30 mol% and (b) 10 mol%. In the left part of each gure, the tting curves of the
theoretical model proposed in sec. IVB are marked as gray dashed lines.
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FIG. 9: (a) Plot of the normalized radius of the droplet R=Ri against the normalized time t=tf
(CAMPS = 10 mol%). Data of two dierent MBA concentrations CMBA (2 mol% and 10 mol%)
are plotted. The time when the contact line recession starts trec=tf are marked as dashed lines. (b)
Plot of trec=tf against CMBA. Data of two dierent CAMPS (10 mol% and 30 mol%) are plotted
with dierent symbols. (c) Replot of trec=tf against the volume swelling ratio V swgel =V
i
gel.
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FIG. 10: Mechanism of the recession of contact line. (a) The initial stage that the contact line is
pinned. For geometrical reasons, diusive ux from the droplet to the gel is strongly enhanced near
the contact line. (b) The second stage where the contact line recedes. Due to the water diusion,
a locally swollen region has formed near the contact line. For the contact line to recede, the actual
contact angle  (the angle with respect to the slope of the substrate) must correspond to the
equilibrium contact angle on this swollen gel surface.
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FIG. 11: Geometry, coordinates, and variables of the system in the theoretical modeling.
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